Abstract: Plasmonically induced transparency (PIT) in hexagon boron nitride (h-BN)-graphene-silica grating-based structure is proposed and demonstrated. By tuning the chemical potential of graphene and changing the geometry parameters of the proposed structure, PIT can be realized both within the upper reststrahlen (RS) band and outside the RS band. The group delay of the PIT window is analyzed and can be up to ∼0.15 ps within the upper RS band via changing the chemical potential of graphene and the parameters of the silica grating. Apart from that, a refractive index (RI) sensor with a sensitivity of up to 0.336 μm per RI unit outside the RS band is proposed by changing the RI of the sensor media. The proposed structure may have the application in the graphene-h-BN-based slow light devices and optical sensors.
Introduction
Plasmonically-induced-transparency (PIT) has attracted numerous interests in the past few years owing to its possible application in filter, switch, slow-light device and sensor [1] - [6] . Recently, numerous studies have been reported to achieve PIT effect via different hybrid structure including coupled plasmonic Fabry-Perot resonators [7] , bright-dark-dark resonators [8] , single-mode and two-mode resonators coupled structure [9] and metamaterial with a regular triangle and a ring [10] . However, most of these structure do not offer the merit of tunability and some of these studies do not show the applications of the PIT system like slow-light effect. In another word, the potential various application worth for the PIT effect should be considered and exploited. Graphene, a twodimension material, has attracted much attention in the field of optical devices because of its unique electric and optical properties and the ability of realizing strong confinement [11] - [13] . Many tunable graphene-based PIT systems have been proposed by researchers in recent several years including structure based graphene strips [14] , graphene nanoribbons [15] , H-shaped graphene film [16] , and metal-graphene metamaterials [17] . Indeed, owing to the tunability of graphene plasmons, most of these PIT system can show a good performance in applications like slow-light devices. It is still meaningful to propose another new hybrid structure to expand the applications of PIT effect. Apart from that, hexagon boron nitride (h-BN), a hyperbolic material, has also been reported in many optical systems because the phonon polariton modes supported in it produce high field confinement and show better performance of low loss than the plasmon polariton modes supported in graphene [18] . Besides, hybrid plasmon phonon polariton modes supported in graphene/h-BN heterostructures have also been demonstrated in several papers. Dai et al. proposed a tunable hyperbolic metamaterial consisting of graphene/h-BN metastructure on SiO 2 [19] . Zhu et al. reported a nanofocusing effect based on hybrid plasmons-phonons-polaritons in a tapered graphene-h-BN heterostructure [20] . Hajian et al. calculated the light propagation in the multilayered graphene-h-BN metamaterials [21] . But the reports about the PIT system based on graphene/h-BN hybrid structure are rare. And owing to the hyperbolic property, PIT effect based on graphene/h-BN hybrid structure at different wavelength region may be realized. And exploiting their applications like refractive index sensor can be meaningful.
In this paper, PIT effects based on h-BN-graphene-silica grating (HGSG) structure within the upper reststrahlen (RS) band and outside the RS band are firstly proposed and demonstrated. The group delay of the PIT window can be up to ∼0.15 ps by tuning the chemical potential of graphene and controlling the parameters of the proposed structure. Furthermore, a refractive index (RI) sensor outside the RS band with sensitivity of up to 0.336 μm per RI unit (RIU) in the range from 1.0 to 1.2 is achieved by setting suitable geometry parameters of the silica grating and chemical potential of graphene.
h-BN-Graphene-Silica Grating Structure
The schematic of the proposed HGSG structure is shown in Fig. 1 . The fabrication of the proposed structure may be finished by the following steps. Firstly, two h-BN films can be obtained via exfoliation method [22] . And two graphene films can be obtained by chemical vapour deposit and exfoliation techniques [19] . Then, one of the graphene film can be transferred onto the h-BN by micromanipulation method [23] . After that, a layer of silica can be transferred onto the graphene/h-BN and silica grating can be realized by lithography and dry etching [24] , [25] . Finally, the remaining graphene film and h-BN film can be transferred onto the silica grating one by one. The thicknesses of graphene 1 and graphene 2 are t g = 0.5 nm while those of h-BN 1 and h-BN 2 are t h = 10 nm. The surrounding media is air with relative permittivity ε air = 1. The period of the silica grating with thickness of h is . The relative permittivity of silica is ε silica = 3.9 [26] . The occupying ratio of air in the grating is 0.5. The conductivity of graphene is σ = σ inter + σ intra , where σ inter and σ intra are the interband part and intraband part. These two parts can be written as [27] - [29] :
where e, , ω, E f , k B , T = 300 K and τ are the electron charge, the reduced Planck's constant, angular frequency, the chemical potential of graphene, Boltzmann constant, surrounding temperature and carrier relaxation lifetime, respectively. Here, τ = μE f /(ev F 2 ), where μ is the carrier mobility, v F = 10 6 m/s is the Fermi velocity. The y component of relative permittivity of graphene is ε g y = 2.5. The x component and z component of relative permittivity of graphene are ε g x = ε g z = 2.5 + iσ/(ωε 0 t g ), where ε 0 is vacuum permittivity [30] . Besides, the x, y and z component of relative permittivity of h-BN, ε h x , ε h y and ε h z can be written as [18] , [31] :
Here,
For the proposed HGSG structure, the mode dispersion within the upper RS band where real part of ε h x is negative and real part of ε h y is positive can be approximately written as [18] , [20] :
where β a,b is the propagation constant of the hybrid plasmon-phonon-polariton mode supported in the proposed HGSG structure, a and b represents the modes discussed above supported in the graphene 1 /h-BN 1 region and graphene 2 /h-BN 2 region, respectively. = √ ε h y / √ ε h x /i , ε 1 = ε silica /2 + ε air /2, ε 2 = ε air , Z 0 377 is the free space impedance [20] . k 0 is the propagation constant in vacuum. L = 0, 1, 2, 3 . . . . For the proposed HGSG structure, the mode dispersion outside the RS band where both real parts of ε h x and ε h y are positive can be approximately written as [18] :
Here, we only consider the normal incidence with transverse magnetic (TM) polarization. Thanks to the silica grating compensating the wave vector mismatch between the free space wave and hybrid plasmon-phonon-polariton wave, the fundamental mode of plasmon-phonon-polariton (L = 0) can be excited and the phase match equation can be written as [32] :
From the above Equations (3)- (5), both the resonant wavelengths within the upper RS band and outside the RS band can be achieved. In this paper, the two dimensional numerical calculation is finished by the commercial software COMSOL Multiphysics. And the incidence light with wavelengths between 6.45 μm and 7.05 μm within the upper RS band and the wavelengths between 4.9 μm and 5.55 μm outside the RS band are discussed. 
Numerical Analysis for the PIT Effect
As is shown in Fig. 2 (a) and 2(b), the PIT effects are achieved within the upper RS band and outside the RS band. The parameters for the result within the upper RS band shown in Fig. 2 (a) are set as follows: the period of silica grating u = 300 nm, the thickness of the silica grating h u = 600 nm, carrier mobility of graphene 1 μ u1 = 1 m 2 /V/s, carrier mobility of graphene 2 μ u2 = 2 m 2 /V/s, the carrier relaxation lifetime for graphene 1 τ u1 = 0.78 ps, the carrier relaxation lifetime for graphene 2 τ u2 = 1.3 ps, the chemical potential of graphene 1 E f u1 = 0.78 eV, the chemical potential of graphene 2 E f u2 = 0.65 eV. The parameters for the result outside the RS band shown in Fig. 2(b) are set as follows: the period of silica grating o = 100 nm, the thickness of the silica grating h o = 200 nm, carrier mobility of graphene 1 μ o1 = 2 m 2 /V/s, carrier mobility of graphene 2 μ o2 = 2 m 2 /V/s, the carrier relaxation lifetime for graphene 1 τ o1 = 1.54 ps, the carrier relaxation lifetime for graphene 2 τ o2 = 1.6 ps, the chemical potential of graphene 1 E f o1 = 0.77 eV, the chemical potential of graphene 2 E f o2 = 0.8 eV. The electric field distributions of the two resonant dips and PIT peak within the upper RS band shown in Fig. 2(a) are illustrated in Figs. 2(c)-2(e), respectively. Here one can see that the electric field |E x | of resonant wavelength 6.672 μm is mainly concentrated on the graphene 1 /h-BN 1 region while that of resonant wavelength 6.766 μm is mainly located in the graphene 2 /h-BN 2 region. And the electric field |E x | for the PIT peak of 6.724 μm are located in both the graphene 1 /h-BN 1 region and the graphene 2 /h-BN 2 region. Similarly, the electric filed distributions for the two resonant dips and PIT peak outside the RS band are demonstrated in Fig. 2 (f)-2(h), respectively. Compared with the electric fields for the PIT effect within the upper RS band, the electric fields for the PIT effect outside the RS band are mainly located in the graphene region. Figs. 3(a) shows the transmission spectra within the upper RS band under different μ u1 . The other parameters of the proposed structures are set as follows: u = 300 nm, h u = 600 nm, μ u2 = 2 m 2 /V/s, E f u1 = 0.78 eV, E f u2 = 0.65 eV. Here we can find that the PIT effect becomes more distinct as the increasing of μ u1 because the extinct ratio of the PIT window becomes bigger with the increasing of μ u1 . The corresponding group delay of the PIT window under different μ u1 is shown in Fig. 3(b) . Here, the group delay of the PIT window, t u is calculated from t u = −dθ/dω [33] , where θ is the transmission phase shift. One can see that the group delay of the PIT window t u can raise and reach over 0.15 ps as μ u1 increases. In reference [16] , a H-shaped graphene resonator was introduced. The group delay of their PIT window is more than 0.04 ps, which is lower than the results of our proposed structure. Another former report shows that a graphene strips-based electromagnetically induced transparency system can achieve group delays over 0.04 ps at the transparency peak by tuning the chemical potential of graphene [34] . In this paper, the group delays of the PIT peak can still reach over 0.10 ps both within the upper RS band and outside the RS band, which are higher than their results. Our proposed structure may be a good candidate in plasmonic slow-light devices. Similarly, the transmission spectra outside the RS band under different μ o1 are shown in Fig. 3(c) . The other parameters are listed as follows: o = 100 nm, h o = 200 nm, μ o2 = 2 m 2 /V/s, E f o1 = 0.77 eV, E f o2 = 0.8 eV. Apparently, the extinct ratio of the PIT window rises with the increasing of μ o1 . The group delay of the PIT window t o under different μ o1 is illustrated in Fig. 3(d) . One can see that t o shows an upward trend as the rising of μ o1 from 1 to 2 m 2 /V/s. Comparing the results within the upper RS band with those outside the RS band, we can find that both the PIT effect and the group delay of the PIT window within the upper RS band and outside the RS band show the relatively better performance when the carrier mobility of graphene 1 increases. Apart from that, the dependence of the transmission spectra within the upper RS band on μ u2 is shown in Fig. 4(a) . Here we can see that the extinct ratio of the PIT window exhibits the gradually upward trend when μ u2 rises from 1 m 2 /V/s to 2 m 2 /V/s. The remaining parameters are set as: u = 300 nm, h u = 600 nm, μ u1 = 1 m 2 /V/s, E f u1 = 0.78 eV, E f u2 = 0.65 eV, respectively. Meanwhile, the relationship between the corresponding group delay of the PIT window t u and μ u2 is demonstrated in Fig. 4(b) where one can see that t u raises as the increasing of μ u2 . Furthermore, Fig. 4(c) illustrates the influences of μ o2 on the PIT effect outside the RS band. The remaining parameters are listed as follows: o = 100 nm, h o = 200 nm, μ o1 = 2 m 2 /V/s, E f o1 = 0.77 eV, E f o2 = 0.8 eV. Here we can find that the PIT effect shows a better performance of extinct ratio with a higher μ o2 than the one with a smaller μ o2 . What's more, the dependence of the group delay of the PIT window t o outside the RS band on μ o2 is demonstrated in Fig. 4(d) . One can find that t o exhibits a downward trend with the reducing of μ o2 from 2 m 2 /V/s to 1 m 2 /V/s. In the rest of the paper, without special declaration, the carrier mobilities of graphene 1 and graphene 2 within the upper RS band and outside the RS band are set as follows:
2 /V/s, respectively. Besides, without special explanation, the parameters of the proposed structure in the rest of the sections are set as follows: E f u1 = 0.78 eV, E f u2 = 0.65 eV, E f o1 = 0.77 eV, E f o2 = 0.8 eV, u = 300 nm, o = 100 nm, h u = 600 nm, h o = 200 nm, respectively. Fig. 5(a) shows the influence of the period of silica grating u on the PIT effect within the upper RS band. Here one can see that the PIT window exhibits a red shift as u increases from 250 nm to 300 nm. Meanwhile, one can find that the PIT window shows a bigger extinct ratio with u = 250 nm than u = 300 nm. The relationship between the corresponding group delay of the PIT window t u and u is demonstrated in Fig. 5(b) . Here we can find that the PIT window exhibits a higher t u with a bigger u . As is illustrated in Fig. 5(c) , the PIT window outside the RS band redshifts as o increases from 100 nm to 120 nm. Meanwhile, we can find that the transmission at PIT peak becomes lower with the increasing of o . Apparently, as is shown in Fig. 5(d) , the group delay of the PIT window t o with o = 120 nm is higher than that of PIT window with o = 100 nm.
The chemical potential of graphene is very important for the analysis of the graphene-based structure. Figs. 6(a)-6(d) are aimed to exhibit the influences of the chemical potential of graphene on the characteristics of PIT effect of the proposed HGSG structure. As is shown in Fig. 6(a) , the PIT window within the upper RS band exhibits a blue shift as the chemical potentials of graphene 1 E f u1 and graphene 2 E f u2 increase. However, the PIT window shows a worst performance of extinct ratio with the lower E f u1 and E f u2 . The dependence of the group delay within the PIT window t u within the upper RS band on E f u1 and E f u2 is also shown in Fig. 6(b) . Here one can see that t u has the slightly higher value with the higher E f u1 and E f u2 . Similarly, the relationship between the PIT window outside the RS band and the chemical potentials of graphene 1 E f o1 and graphene 2 E f o2 is also illustrated in Fig. 6(c) . We can spot that the PIT window blueshifts with the increasing of E f o1 and E f o2 . Furthermore, the extinct ratio of the PIT window shows an increasing trend as E f o1 and E f o2 increase from 0.75 eV and 0.78 eV to 0.79 eV and 0.82 eV, respectively. It is worth noting that the group delay of the PIT window t o also raises with the rising of E f o1 and E f o2 as shown in Fig. 6(d) . Besides, the dependences of the transmission spectra and the corresponding group delay of the PIT window on the chemical potential of one graphene sheet within the upper RS band and outside the RS band are shown in Fig. 7(a)-7(d) , respectively. As is shown in Fig. 7(a) , the resonant dip corresponding to graphene 2/h-BN 2 exhibits a redshift when the chemical potential of graphene 2 decreases from 0.65 eV to 0.6 eV and the resonant dip corresponding to graphene 1/h-BN 1 exhibits a blueshift when the chemical potential of graphene 1 increases from 0.78 eV to 0.85 eV. And the group delay of the PIT window becomes lower after the decrease of chemical potential of graphene 2 E f u2 or the increase of the chemical potential of graphene 1 E f u1 as shown in Fig. 7(b) . This is because the rise and fall around the PIT peak becomes slower as E f u1 increases or E f u2 decreases. Then the full width at half maximum (FWHM) of the PIT peak becomes larger, which leads to the lower group delay of the PIT window. Similar phenomenon can be also found in Fig. 7(c) and 7(d) . It is worth noting that the transmission of the resonant wavelength 6.672 μm is least when E f u1 = 0.78 eV and E f u2 = 0.65 eV as shown in Fig. 7(a) , which means this can be OFF state. Then the transmission of the wavelength 6.672 μm is about 89% when E f u1 = 0.85 eV and E f u2 = 0.65 eV as shown in Fig. 7(a) , which means this can be ON state. So tuning the chemical potential of the graphene 1 may realize the switch of the ON/OFF state. And the proposed structure may have a potential application in tunable optical switches.
Finally, a RI sensor is proposed to expand the application scope of the proposed HGSG structure in the field of nanoscale optical devices. Here, the air of the silica grating is replaced by the sensor media with RI ranging from 1.0 to 1.2 as shown in Fig. 8(a) . The dependence of the transmission spectra within the upper RS band on the different RI of the sensor media is shown in Fig. 8(b) . Here, one sees that the PIT window shows a red shift with the increasing of the RI of the sensor media. And the extinct ratio of the PIT window exhibits a reducing trend as the RI of the sensor media increases. Fig. 8(c) shows the result of the linear fit for the PIT peaks with different RI of the sensor media. Here we can find that the sensitivity of the RI sensor within the upper RS band is 0.16 μm per RIU. And the adjusted R-Square for the linear fit is quite high which is up to 1. Apart from that, Fig. 9(a) shows the corresponding group delay of the PIT window t u within the upper RS band with different RI of the sensor media. One can see that t u exhibits the gradual increasing trend when the RI of the sensor media decreases from 1.2 to 1.0. Analogously, the influence of the RI of the sensor media on the PIT window outside the RS band is demonstrated in Fig. 8(d) where we can find that the PIT window redshifts as the RI of the sensor media raises. Nevertheless, the PIT window exhibits a worse performance of extinct ratio with the higher RI of the sensor media. As is illustrated in Fig. 8(e) , the adjusted R-Square of the linear fit for the PIT peaks can be 0.99868. And the sensitivity of the proposed RI sensor outside the RS band is up to 0.336 μm per RIU. Then, the corresponding group delay of the PIT window t o displays an upward trend when the RI of the sensor media decreases from 1.2 to 1.0 as shown in Fig. 9(b) . As we know, figure of merit (FOM) is a key parameter to show the performance of a RI sensor. And it is defined as [16] :
where λ/ n is the wavelength changes per RIU, FWHM is the full width at half maximum of the PIT peak. Generally, the sharper rise and fall around the PIT peak in the transmission spectrum can lead to a lower FWHM, resulting in a higher group delay of the PIT window. And this can be verified in Fig. 7(a)-7(d) . As is shown in Fig. 7(a) , the decrease of E f u2 leads to the slower rise and fall around the PIT peak. Then the FWHM of the PIT peak becomes larger. Consequently, the group delay of the PIT window becomes lower as shown in Fig. 7(b) . The similar phenomenon can be found in Fig. 7(c) and 7(d) . Besides, the definition of FOM shows that a lower FWHM corresponds to a higher FOM. That is to say, a better performance of slow light with sharper rise and fall around the PIT peak in the transmission spectrum can help improve the performance of the proposed RI sensor. Besides, the influences of the temperature on the transmission spectra of the proposed structure within the upper RS band and outside the RS band are shown in Fig. 10(a) and 10(b) , respectively. One can see that the wavelengths of the resonant dips and PIT peak wavelength remain stable when the temperature increases from 300 K to 400 K both within the upper RS band and outside the RS band, which indicates that the cross-sensitivities of the RI changes and temperature changes can be avoided. The proposed structure may have a potential application in temperature-insensitive optical RI sensor. A former report shows that an on-fiber plasmonic interferometer based on a silver film with nano-hole arrays can have a sensisivity of 220 nm per RIU [35] , which is lower than our results. In reference [36] , a plasmon-enhanced refractometry based on silver-coated tilted fibre Bragg gratings nanowire is proposed. The sensitivity of their RI sensor is 185 nm RIU −1 , which is lower than that of our proposed structure. Besides, our proposed RI sensor offers the merits of temperature insensitivity which is desirable features in many sensing applications. The proposed PIT effect may have potential applciations in plasmonic optical switches and slow-light devices and the proposed RI sensor may help improve the RI measurement in temperature fluctuation environment.
Conclusions
A RI sensor and PIT system are proposed and demonstrated in this paper. Firstly, the PIT window is achieved both within the upper RS band and outside the RS band via controlling the geometry parameters of the silica grating and adjusting the chemical potentials of both graphene 1 and graphene 2. The numerical results show that the carrier mobility of graphene plays a non-neglectful role in tuning the extinct ratio of the PIT window both within the upper RS band and outside the RS band. Apart from that, the group delay of the PIT window is calculated and analyzed. It can be up to ∼0.15 ps within the upper RS band by tuning the parameters of the proposed structure discussed above. Furthermore, a RI sensor is demonstrated by replacing the air to the RI sensor media in the silica grating. The sensitivity of the RI sensor outside the RS band can be 0.336 μm per RIU in the range from 1.0 to 1.2. The proposed PIT system and RI sensor may have a wide application prospect in the field of graphene/h-BN based optical switches and sensors.
